The aim of this study was to investigate non-solvent precipitation of starch to produce nanoparticles that could be used in Pickering emulsions. The material used was waxy maize, modified with octenyl succinic anhydride. Different methods of non-solvent precipitation were investigated, and a method based on direct mixing of an 8% starch solution and ethanol (ratio 1:1) was found to produce the smallest particles. The particle size was measured using AFM and AF4, and was found to be in the range 100-200 nm. However, both larger particles and aggregates of nanoparticles were observed. The emulsion produced using the precipitated starch particles had a droplet size that between 0.5 and 45 m, compared to emulsions produced from waxy maize granules, in which had a size of 10-100 m. The drop in size contributed to increased stability against creaming. The amount of starch used for emulsion stabilization could also be substantially reduced.
Introduction
The aim of this study was to produce starch nanoparticles nonsolvent precipitation. Starch nanoparticles could be used in several applications but in this paper we focus on the ability of these particles to stabilise Pickering emulsions. Pickering emulsions are emulsions that are stabilized by solid particles and are named after S.U. Pickering, who together with Walter Ramsden was the first to describe the phenomena (Pickering, 1907; Ramsden, 1903) . The field of Pickering emulsions has recently been described in several reviews (Berton-Carabin & Schroën, 2015; Dickinson, 2016; Rayner et al., 2014; Wahlgren, Engblom, Sjöö, & Rayner, 2013) .
It has previously been shown that modified starch particles can be successfully used to stabilize Pickering emulsions (Marefati, Rayner, Timgren, Dejmek, & Sjöö, 2013; Marefati, Sjöö, Timgren, Dejmek, & Rayner, 2015; Saari, Heravifar, Rayner, Wahlgren, & Sjöö, 2016; Simsek, Ovando-Martinez, Marefati, Sj, & Rayner, 2015; Sjöö, Emek, Hall, Rayner, & Wahlgren, 2015; Villamonte, Jury, & de Lamballerie, 2016) . Starch granules vary considerably in size and shape depending on their botanical origin (French, 1973; Hall & Sayre, 1970 , 1971 Jane, Kasemsuwan, Leas, Zobel, & Robyt, 1994 ).
This variation have been found to effect the stability and droplet size of Pickering emulsions (Saari et al., 2016; Timgren, Rayner, Sjöö, & Dejmek, 2011) . Starch particles varying from nanometres to micrometres have been used to stabilize emulsions, for example waxy maize starch nanoparticles (Li, Sun, & Yang, 2012; Tan et al., 2012 Tan et al., , 2014 , and quinoa starch granules (Timgren, Rayner, Dejmek, Marku, & Sjöö, 2013; Timgren, Rayner, Sjoo, & Dejmek, 2011) . In a recent study we have shown that small particles obtained from hydrolysis of starch granules created stable emulsions with a smaller drop size, and the emulsifying capacity was also increased compared to intact granules from the same botanical source which had a larger particle size (Saari, Heravifar, Rayner, Wahlgren, & Sjöö, 2015) .
We have previously shown that the hydrophobicity of starch particles must be increased in order to obtain stable Pickering emulsions (Timgren, Rayner, Dejmek, Marku, & Sjöö, 2013) . This is usually achieved by chemical modification using octenyl succinic anhydride (OSA) (Sweedman, Tizzotti, Schafer, & Gilbert, 2013; Tan et al., 2014; Timgren, Rayner, Sjöö et al., 2011; Yusoff & Murray, 2011) . A degree of chemical modification of less than 3% using OSA is acceptable in food ingredients and is also sufficient to obtain effective modified starch (Rayner, Timgren, Sjöö, & Dejmek, 2012; Wurzburg, 1995) . Thus in this work we use OSA modification below 3% to obtain food-grade nanoparticles from starch.
The size of the particles used to stabilize emulsion droplets affects the amount of starch needed to cover the dispersed phase.
The relationship between the amount of starch added and the droplet size can be described by Eq. (1):
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where d 3,2 * is the surface mean diameter of the droplets, is the fraction of oil, C is the amount of emulsifier/stabilizing agent (in our case starch) added to the continuous phase (weight/volume of buffer), s is the density of the stabilizing agent (approximately 1500 kg/m 3 for starch), d p is the average mean diameter of starch particles (d 4,3 , and is the packing density ( = 0.907, is theoretical maximum coverage with tight packing and has been used here)).
As can be seen from Eq.
(1), a larger surface area can be covered per unit mass when using smaller particles. This is one reason why it is important to reduce the starch granule size as this could lead to smaller droplets of the dispersed phase.
Several methods can be used to obtain nanoparticles of starch, as recently reviewed by Kim, Park, and Lim (2015) . In the present work we investigated non-solvent precipitation to obtain nanosized starch. The first step in such a method is to completely dissolve the starch granules (dissolution). New smaller particles are then re-created from the dissolved starch molecules by non-solvent precipitation. Starch granules are insoluble in cold water due to their inter-chain hydrogen bonding. During the dissolution process, starch granules disintegrate completely and the intermolecular and intramolecular hydrogen bonds are disrupted, thereby destroying the crystalline structure of the granule (Gao, Luo, & Luo, 2012; Wang & Xie, 2010) . The dissolution of starch makes it accessible for further processing, and the method should be carefully chosen as too harsh conditions may lead to changes in the molecular weight of the starch, while too mild conditions may not be sufficient for complete dissolution (Gidley et al., 2010) . Several dissolution methods can be used; such as heating of starch in water either in the presence of nitrogen gas in an autoclave, or heating in a microwave oven, while other methods use other solvents such DMSO (dimethyl sulphoxide), ionic solvent or urea/KOH to dissolve the starch (Kim & Huber, 2006; Ortega-Ojeda, Larsson, & Eliasson, 2003; PerezRea, Bergenståhl, & Nilsson, 2015; Syahariza, Li, & Hasjim, 2010; Wilpiszewska & Spychaj, 2011) . The DMSO method and the autoclave method have been shown not to alter the molecular size of the starch (Perez-Rea et al., 2015) .
After dissolving the starch granules, new starch particles can be produced by non-solvent precipitation (also known as nanoprecipitation as described by Hornig, Heinze, Becer, and Schubert (2009) . Non-solvent precipitation involves the transition from the dissolved state to the solid state of a polymer after addition of a non-solvent that is miscible with a solvent (Hornig et al., 2009 ). The concentration of polymer (in this case starch) should be above overlap concentration for particles to form (Hornig et al., 2009) . It has been shown that very small starch particles can be obtained with the non-solvent precipitation method (Qin, Liu, Jiang, Xiong, & Sun, 2016; Tan et al., 2009) . Factors that control the particle size during non-solvent precipitation include; the technique used, the initial concentration of the polymer (starch), the ratio of the polymer solution to the non-solvent solution, whether the polymer is added to the solvent or vice versa, and the type of solvent used (Chin, Pang, & Tay, 2011; Hornig et al., 2009; Perevyazko, Vollrath, Hornig, Pavlov, & Schubert, 2010; Tan et al., 2009 Tan et al., , 2012 . Various kinds of non-solvent precipitation have been described for the production of nanoparticles, including dialysis and the dropping technique. The initial polymer concentration has been found to be crucial, and Tan et al. (2009) found that low polymer concentrations, in the range of 1-8 mg/mL, gave starch particles with narrow size distributions, which increased rapidly with increasing polymer concentration, and that aggregation occurred at >20 mg/mL. Low polymer concentrations will probably be required to ensure that the molecules are in a dispersed state, and that they can be separated into nano-domains upon the addition of the non-solvent, as described by Hornig et al. (2009) . Ratio of polymer solution and solvent has also been found to affect particle size and shape, Chin et al. (2011) observed that such variations could lead to particles with different shapes, such as elongated fibres, spherical particles or a mixture of spherical particles and elongated fibres.
Hypothesis
One of the hypothesis investigated in this study is that starch nanoparticles can be used to produce Pickering emulsions with a smaller droplet size than emulsions produced from intact granules of the same botanic source, and thus reduce the creaming tendencies of such emulsions. We also investigated whether starch nanoparticles could be produced using non-solvent precipitation of starch with ethanol as the non-solvent. It was also hypothesized that the size of particles and the amount of submicron particles obtained using this method could be affected by changing the process parameters.
Materials and methods

Materials
The source of starch, waxy maize, was supplied by LyckebyCulinar AB, Sweden. The oil used was a medium-chain triglyceride oil (MCT), Miglyol 812 (Sasol, Germany). The n-octenyl succinate anhydride (OSA) was obtained from Trigon Chemie (Germany), DMSO 99.6% from VWR Prolabo (Belgium), and the ethanol was 99% European pharmacopeia quality (Sigma Aldrich, USA). Tween 80 and sodium dodecyl sulphate (SDS) were obtained from Sigma Aldrich, and all other chemicals were of PA quality.
Dissolution of the starch
The starch samples were dissolved either by autoclaving of a starch water solution or dissolution of starch in DMSO, as previous described by Perez-Rea et al. (2015) .
Autoclaving
A sample of 4 g waxy maize starch was dispersed in 200 mL MilliQ water (Millipore Corp., Bedford, MA, USA) and heated in a high-pressure laboratory autoclave. This instrument was equipped with a magnetic stirrer and was connected to a temperature control unit (Withernm WRX 2000, Germany) . Before heating, the system was flushed with nitrogen gas for 5 min to prevent oxidative degradation of the starch. The starch suspension was gradually heated from room temperature to 140 • C for 14 min, maintained at 140 • C for 20 min, and then cooled by immersing the autoclave cylinder in an ice bath. The starch solution (20 mg/mL) was diluted to concentrations of 1, 2, 4, 8 and 10 mg/mL before non-solvent precipitation.
DMSO method
Two grams of waxy maize starch (dry weight) was weighed into a glass flask and dispersed in 6 mL ethanol (80% ethanol in water v/v) with magnetic stirring for 3-5 min. Sixty mL of DMSO (including 0.5% w/v LiBr) was added. The sample was boiled for 1 h in a water bath with magnetic stirring (160 rpm) and then cooled to room temperature. The starch solution (20 mg/mL) was diluted to concentrations of 1, 2, 4, 8, 10 mg/mL before non-solvent precipitation.
Non-solvent precipitation of starch
Non-solvent precipitation was carried out using ethanol at different starch solution-to-ethanol ratios, 1:1 and 1:10, and the starch solutions obtained with the two techniques described above. The production technique was optimized to produce as small starch particles as possible. Non-solvent precipitation of nanoparticles was carried out by mixing ethanol and the starch solution directly, or by the slow addition of one to the other drop-wise. The effect of starch concentration on nanoparticle size was investigated. The effects of adding 4% surfactant (Tween 80 and SDS) based on starch concentration, on particle production were also studied. The size of the nanoparticles was determined directly after non-solvent precipitation using static light scattering and light microscopy (see Section 3.6). The solvent was removed by batch-wise centrifugation (2000 G, 10 min), and all the particles from the same production were collected together. For the last stage solutions containing very fine particles that could not be harvested by centrifugation was also added to the collection of precipitated starch and the collected solution was left in the fume hood overnight to allow the ethanol to evaporate. The nano-precipitates were then frozen at −20 • C overnight, after which they were freeze-dried in a Hetosicc freezedryer (Denmark), starting the process at −20 • C and increasing the temperature to 20 • C with 1 • C/min over a period of 4-5 days.
Modification of starch with OSA and determination of the degree of modification
A portion of the wet nanoparticles obtained by precipitation were directly modified by OSA to increase their hydrophobicity. Modification was performed using 3% OSA (based on the dry weight of the starch nanoparticles) and the degree of OSA substitution were analyzed. The methods are described by Saari et al. (2015) .
Production of pickering emulsions
The emulsions were 5% oil in water emulsions using MCT oil as the dispersed phase, and phosphate buffer (5 mM, pH 7, 0.2 M NaCl) as continuous phase. Seventy mg of modified nanoparticles (equalling 200 mg starch per mL oil) was dispersed in a mixture of 0.35 g oil/6.65 g buffer, and mixed with a vortex mixer for 10 s. The suspensions were emulsified using a high-shear mixer (Ystral D-79282, Germany) at 22 000 rpm, for 60 s. The emulsions were observed directly and after 24 h. The emulsion index was measured after 24 h. The emulsion index EI is measured from a photograph of the emulsion and is the ratio of the emulsion phase divided by the whole volume of the sample. An emulsion index of 1 means that there is no visual segregation of the sample.
A 200 mg/mL starch suspension of was prepared and was diluted to 6, 2, 1, 0.5 and 0.01 mg/mL (in 6.65 mL buffer) and was used to produce series of emulsions containing 0.35 g oil (5%).
3.6. Characterization of nanoparticles and emulsions using optical methods
Static light scattering
The size distributions of the starch nanoparticles and emulsion drops were characterized using a light-scattering particle size analyser (Malvern Mastersizer 2000, Malvern instruments, UK). A small amount of sample (starch or emulsion) was injected into the flow system connected to a pump (2000 rpm) and the optical chamber for measurement. The refractive index of starch was set to 1.54 (Bromley & Hopkinson, 2002) , and for the continuous phase, the refractive was set to that of water, 1.33. Obscuration was restricted to between 10 and 20% for emulsions. Due to the small amounts of sample available, the obscuration was reduced to less than 5% when characterizing nanoparticles, as these give a low amount of obstruction due to their size.
Light microscope
Emulsion droplets and starch nanoparticles were also analysed using an optical microscope (Olympus BX50, Japan) equipped with a live-video camera. The samples were examined under Plan 2×, UMPlanFL 5× and 10×, and LMPlanFl 20× and 50× objectives (Olympus). One drop of sample was diluted with 5 drops of buffer solution and, one drop of diluted sample was placed uncovered on a glass slide for microscopic observation.
Scanning electron microscope
The morphology and size of the starch granules and nanoparticles were investigated using scanning electron microscopy (SEM). The samples were coated with gold and inspected using a JSM-6700F scanning electron microscope, (JEOL inc, Japan) operated at 5 kV with a working distance of 8 mm. Lower detection imaging mode was used to give clear 3D images of the sample surface. The signals from secondary and back-scattered electrons were combined during operation.
Atomic force microscopy
Samples were prepared for atomic force microscopy (AFM) as follows. A 1 × 1 cm 2 mica plate, freshly cleaved, was covered with a 20 L drop of OSA-modified starch precipitate that had been suspended in water for 3 min and subsequently dried with nitrogen gas. A Ntegra atomic force microscope (NT-MDT, Russia), with Nova software, was used to analyse the surface of the samples. The specimen was scanned in semi-contact mode with a frequency of 1.01 Hz using an NSG01cantilever (from NT-MDT) at a frequency of 150 kHz and a stiffness of 5.1 N/m.
The images obtained were analysed using Image J. The sizes of 660 particles were measured, from which the size distribution and average particle size were determined for each set of experimental conditions.
Asymmetric flow field-flow fractionation
The size of the non-solvent precipitated starch was analysed using asymmetric flow field-flow fractionation (AF4) based on a method used for starch previously described by Perez-Rea et al. (2015) . After nanoprecipitation, the starch particles were dispersed in MilliQ water at a concentration of 1 mg/mL. A solution of bovine serum albumin (Sigma, A4378, St, Louis, MO, USA) with a concentration of 1 mg/mL in MilliQ water was prepared and used to determinate the channel thickness of the AF4 equipment and to validate the performance of the AF4 system. The AF4 channel was a short channel (Wyatt Technology, USA) with trapezoidal geometry (tip-to-tip length 17.4 cm and inlet and outlet widths of 2.17 and 0.37 cm, respectively) A regenerated cellulose membrane with a nominal thickness of 350 m and a cut-off of 10 kDa was used. The composition of the carrier liquid was 10 mM NaNO 3 (AppliChem, A3125, Darmstadt, Germany) and 0.02% sodium azid (BDH, 10369, Poole, UK), dissolved in MilliQ water. Separation was performed using the following parameters: constant detector flow of 1 mL/min and injection into the channel at a flow rate of 0.2 mL/min for 4 min. After injection, a 3 min focusing/relaxation step was introduced prior to elution with a focus flow identical to the initial cross flow. Elution started at an initial cross-flow of 0.5 mL/min and was decreased exponentially with time to 0.07 mL/min, and then kept constant from 3 to 20 min. After elution the channel was flushed with buffer solution without any cross-flow for 3 min before the next analysis. Triplicate measurements were performed on each starch nanoparticle sample. 
Results and discussion
Method development for the production of starch nanoparticles
The methods employed were developed to generate particles with small sizes and low amounts of aggregated starch particles. The different steps in this method development are outlined in Fig. 1 . The starting point for this development was based on two previous studies on dissolution (Perez-Rea et al., 2015) and non-solvent precipitation (Hornig et al., 2009 ). The parameters investigated were the method of dissolving the starch granules, the effect of starch concentration on particle size, the effect of the way in which the ethanol and starch solution were mixed in nonsolvent precipitation, the effect of adding surfactants, and the effect of starch:ethanol ratio. Based on this screening process the final method and condition were decided upon, as described in Fig. 1. 
Effect of method of starch dissolution
Two methods of dissolution were studied. These were adapted from Perez-Rea et al. (2015) who studied starch granule dissolution by autoclaving at 140 • C and dissolution in DMSO at 100 • C in order to form molecular dissolved starch without degrading the polymers. The method has been verified by Ortega-Ojeda et al. (2003) who showed that this was sufficient to completely dissolve the starch granules. Both methods resulted in dissolved starch in the molecular state, which then underwent non-solvent precipitation.
The results obtained for starch nanoparticle size using static light scattering are given in Table 1 . It can be seen that dissolution using autoclaving leads to smaller starch particles after non-solvent precipitation than dissolution in DMSO. Using the autoclaving method for starch dissolution gave particles with an average size (d 3,2 ) of less than 18 m, where almost 70% of the particles had sizes less than 1 m. Particles precipitated from DMSO dissolution were as large as 200 m, including some aggregates, and only 17% were small particles, <1 m. One reason for this could be that the DMSO in the solution gives a solution that is a better solvent than the pure water/ethanol mixture, and it is thus a less effective medium in the transition from the molecular state to the solid state, leading to a slower precipitation which could allow for the formation of fewer larger particles compared to a fast precipitation that induces many nuclei for the precipitating starch.
Effect of starch concentration
Dissolved starch, produced both with autoclaving and dissolution in DMSO, were diluted and non-solvent precipitation was carried out at different starch concentrations: 1, 2, 4, 8, 10 and 20 mg/mL. Particles sizes are given in Table 1 , and light microscopy images are shown in Fig. 2 . It was found that the relation between starch concentration and precipitated particle size was not linear. The average particle size and the smallest particles observed show minima as the concentration is varied. For autoclaved solutions, smaller particles were observed at intermediate concentrations between 4 and 10 mg/mL starch, with 47%-66% of the particles being less than 1 m, while larger particles were observed at lower and higher starch concentrations. For starch dissolved in DMSO, the precipitated particles were larger at low starch concentrations and smaller at higher concentrations around 10%, but the highest volume of particles below 1 m was only 17%. It was found that starch solution obtained by autoclaving at an intermediate concentration (8 mg/mL) gave the best results, and produced nanoparticles with an average size of about 1 m; the smallest particle detected was about 0.3 m and 66% of the particles were less than 1 m in size. It should be noted that precipitation was carried out at a starchto-ethanol ratio of 1:10. Different starch concentrations from 1 to 20 mg/mL were investigated to establish whether there was any difference in particle size with varying starch concentration. At concentrations above 1 mg/mL, the precipitated particles seemed to form agglomerates, as can be seen in the light microscopy images in Fig. 2 .
The results discussed above are in contrast to those reported by Tan et al. (2009) who found a linear relation between the increase in size of starch nanoparticles and increasing polymer concentration in the solvent. Rather than an increase in size, the light microscopy images indicate that more particles of a similar size are formed, and that they aggregate at higher starch concentrations (Fig. 2) . Tan et al. (2009) suggested that lower starch concentrations of 1-8 mg/mL were preferable as the size distribution of precipitated particles was narrower, and widened rapidly at higher concentrations, leading to aggregation at starch concentrations >20 mg/mL. This is in line with our observations, of a wider particle size distribution and a higher average value of d 3,2 for a 20 mg/mL starch solution, which is indicative of aggregated particles. The reason for this could be, as pointed out by Hornig et al. (2009) that low concentrations are required to ensure that the polymer molecules are in the dispersed state, and able to separate into nano-domains following the addition of non-solvent. Table 1 Particle size (d3,2) of starch nanoparticles determined by static light scattering using different methods of starch dissolution and experimental conditions during non-solvent precipitation. All the experiments were conducted by adding starch to ethanol dropwise at a starch: ethanol ratio of 1:10 unless otherwise stated. 48.2 ± 62.8 4.6 ± 8.0 1.6 ± 1.0 4 mg/mL starch 3 6.2 ± 0.9 2.0 ± 0.6 0.7 ± 0.0 8 mg/mL starch 3 4.6 ± 1.4 13.5 ± 2.0 0.7 ± 0.1 10 mg/mL starch 3 5.1 ± 3.6 17.0 ± 15.6 0.5 ± 0. a The samples were prepared and normally measured at least in triplicate, or for some cases more especially at the initial steps. Some measurements were not obtained/not included due to technical problem of the instruments, insufficient samples to reach detection limit or detection of air bubble. Thus a starch concentration of 8 mg/mL was the optimal choice for producing the highest fraction of submicron particles and the smallest detected particles. In these screening steps the data was based on static light scattering data and light microscope. For a more complete picture of the nano-precipitate characteristics, additional methods are needed.
Effect of adding surfactant to the starch solution
We examined the effect of two surfactants on the particle size (Table 1) . In order to ascertain whether the addition of a surfactant would reduce aggregation of the nanoparticles. However, the addition of surfactants led to larger particles than when surfactant was not added. The size of the particles produced when adding 4% SDS ranged from 30 m to 170 m and when adding 4% Tween even larger particles were seen, 25 m to 780 m. Thus, at a starch concentration of 8 mg/mL, solutions without surfactant produced smaller particles than solutions containing surfactants. These results seem to be in contrast to those reported by Chin et al. (2011) , who found that surfactants such as CTAB and Tween 80 limited particle growth when producing nanoparticles. The addition of surfactants will most likely lead to formation of starch inclusion complex (Eliasson & Wahlgren, 2004; Lundqvist, Eliasson, & Olofsson, 2002) . The effect of these inclusion complex could be difficult to predict and as the effect in our case was non beneficial we did not further investigate this issue.
Effect of solvent: non-solvent ratio and how solvent and non-solvent are mixed
After determining the optimal starch concentration (8 mg/mL) and dissolution method (autoclaving) the precipitation conditions was studied. Hornig et al. (2009) proposed two non-solvent precipitation methods dialysis using a membrane and the dropping technique under stirring. The dropping technique was selected as a starting point for our work due to its simplicity. Starch was added drop-wise to the ethanol to a final starch:ethanol ratio of 1:10. However, this technique was time-consuming when large samples were used. Thus, the next step towards improving the production of starch nanoparticles was to reduce the amount of solvent required. Initially, 10 L of ethanol was used for every litre of starch solution. The possibility of reducing the amount of ethanol to 1 L (ration 1:1) was therefore investigated. Furthermore, both direct mixing and the dropping technique were investigated. As can be seen from Table 1, the particle size did not differ significantly between the two mixing techniques and the two ratios. However, after direct mixing, the fraction of small particles (<1 m) was slightly higher (71%) than when using the dropping technique (65-66%). The smallest detected particle in both cases was about 300 nm. Thus, non-solvent precipitation can be achieved in a shorter time with a better quality of the particles using direct mixing at a starch:ethanol ratio of 1:1 than using the original method.
Finally, the effect of mixing of ethanol into the starch solution or mixing of starch into the ethanol solution were investigated. It was found that dropping at starch ratios of 1:10 and 1;1, and direct mixing of the starch solution into ethanol at a starch:ethanol ratio of 1:1 gave almost the same results, in terms of the amount and size of the particles produced. Interestingly, direct addition of ethanol solution into starch gave a considerably higher fraction of particles in the submicron range (81%) than the other mixing methods The smallest particle detected in static light scattering was 200 nm. From the above results it can be concluded that direct addition of ethanol into starch solution, at the ratio 1:1 was best for the production of nanoparticles. This method required the least amount of solvent, was most time-efficient and gave small particles. Thus, it was thus chosen for the production of starch nanoparticles on a larger scale.
To summarize, the production method found to be the best for producing nanoparticles was autoclaving at 140 • C of starch dispersed in water, a starch concentration of 8 mg/mL, using direct mixing by adding ethanol to starch, for precipitation at a starch:ethanol ratio of 1:1.
Characterization of particles
The starch particles produced using the optimal production method were then investigated using a range of optical characterization methods The results for the initial native waxy starch granules, precipitated starch particles and OSA-modified starch particles are presented in Table 2 .
As can be seen, the characterization methods give quite different results. This is probably due to the fact that the different methods analyse different aspects of the samples. For examples the particle size distribution given by static light scattering will over emphasize large particles which leads to an overestimation of the average size of the sample while in the AF4 experiments on the other hand the largest particles have been removed thru a pre-filtration step. A further problem with static light scattering is that both the measured size and the size distribution is affected by the underlying models as well as parameters for these models, such as refractive index of the particles, that are used for transferring the measured light scattering to particle size and particle size distribution. The differences are substantially larger for the precipitated starch, especially for the OSA-modified precipitate, than for the original starch granules. This is probably because the nanoparticles are partially aggregated, in contrast to the original granules, and their size is less optimal for the static light scattering technique used. But it is also an indication that the non-solvent precipitation gives a broad size distribution. The SEM images show that the native granule size is around 10-20 m (Fig. 3A) , which is in good agreement with the static light scattering measurements which showed a size distribution around 14 m (top mode). It also shows that the particles formed are spherical. SEM of starch nanoparticles and OSA-modified precipitate (Fig. 3B & C) gave particles sizes varying from 10 nm to 400 nm, while values of d 3,4in obtained by static light scattering were between 5 m and ∼0.25 m (Fig. 4A) . It can be seen in Fig. 4A that aggregation was more pronounced for OSAmodified particles than for non-modified particles, as seen by the wider particle size distribution and secondary peaks. This was also substantiated by the SEM images Fig. 3C . The high degree of aggregation is further substantiated by the fact that the mean d 4,3 value (which is the value that best represents the fraction of large particles or aggregates) varied depending on whether the sample was sheared or not, the values being ∼25 m for sheared samples and 60-90 m for unsheared ones.
AF4 was used to measure the average size distribution of the non-solvent precipitated starch. This method gave a radius of gyration (rms radius) of about 60 nm for the non-modified starch nanoparticles, while the corresponding value for the OSA-modified nanoparticles was about 240 nm (Table 2 ). This could indicate that the particles are more strongly aggregated as a result of OSA modification. This size measured for the non-solvent precipitate is smaller than that seen for dissolved waxy maize molecules and further studies of the precipitate are required to determine whether this precipitate is a mixture of particles and molecules. However, it is well known that particles can be denser than dissolved polymers, and thus have a smaller radius. The size is smaller than what is seen by light-scattering and it is possible that the larger aggregates observed in light-scattering was not measured in the AF4 experiments.
These OSA-modified particles were also analysed using AFM. A total of 660 particles from four AFM images were analysed, and the average Feret diameter of these particles was 182 nm (range of 14-7000 nm), again showing the large variations in the precipitate, but also having an average diameter that is close to the that of the non-modified starch particles, as measured by AF4. This indicates that there is a large fraction of nanoparticles with a size of about 100 nm when they are not aggregated. Thus, the higher value observed for the OSA-modified starch particles using AF4 most is probably due to aggregation. The size is also in the same range as the smallest particles detected by static light scattering.
Starch nanoparticle-stabilized emulsions
The reason for producing starch nanoparticles is for use in starch-stabilized Pickering emulsions. As can be seen in Fig. 4B , the particles produced using the method developed in this work can be stabilize emulsions. The initial emulsions produced with 200 mg starch/g oil have a size distribution from 0.5 to 45 m (d 4,3 ) with an average droplet size of 10 ± 0.7 m (triplicate measurements and had an emulsion index (EI, the volume of the emulsion phase compared to total volume)) on day zero of 1 with as little oil as 5% (Fig. 4B ). An EI of 1 means that the emulsion is a space-filling system, with no creaming or sedimentation. This can be compared to previous results for an emulsion of OSA-modified starch granules from waxy maize which, at a slightly higher starch to oil ratio 214 mg starch/g oil gave a droplet size of 47 m and a EI of 0.37 for 7% oil (Saari et al., 2015) .
Thus, we have shown that the nanoparticles produced in this study can be used to form emulsions with a much smaller droplet size than is possible with starch granules from waxy maize. This is in line with studies that have shown that emulsion droplet size can be reduced by using smaller starch particles Saari et al., 2015; Timgren, Rayner, Sjöö et al., 2011) . This is probably a result of that as the particle size decreases the available surface area per unit mass of starch increases. Thus, the same amount of starch can be used to cover a larger surface area of emulsion which is translated to smaller droplets There will, however, be a lower limit on the droplet size of the emulsion, where the addition of more starch particles will not decrease the droplet size. This limit is set by the equipment and conditions used for the production of emulsions. We have previously shown that, using the same set up in Starch to oil raƟo concentraƟon (mg/m l) Fig. 5 . The effect of starch concentration (based on oil fraction) on the mean droplet size of emulsions produced using 5% MCT oil in water.
the present study, the minimum droplet size in an emulsion based on quinoa starch is about 10 m, and is reached at about 1200 mg starch/mL oil in 5% oil emulsions (Saari et al., 2016 ). This will not be sufficient to obtain an EI of 1. Thus, the droplet size obtained at the present study using starch nanoparticles is in the range of the minimum droplet size already at the modest amount of 200 g starch/g oil. Calculating surface coverage of starch of a 10 m droplet by non-solvent precipitated starch using Eq. (1) (assuming a nanoparticle size of ∼150 nm, which is in between the values given by AFM and AF4 measurements) gives that 140 mg starch would be required per m 2 for full surface coverage. This can be compared to the amount needed for starch granules from waxy maize (∼14 m) where 12,700 mg per m 2 would theoretically be needed to cover the same surface area. This shows how decreasing the particle size reduces the amount of starch needed by a factor of over 10 3 .
As the droplet size seems to be in the region where the method of production limits the minimum droplet size limit, a series of dilution of starch (from 200 mg/mL to 6, 2, 1, 0.5 and 0.01 mg/mL) was used to determine the influence of particle size on the Pickering emulsion (Fig. 5) . The result shows that the emulsions increase in drops size, from 10 to 100 m at decrease starch concentrations until it reaches maximum drops size equivalent to what we have seen that free oil gives when it is pumped through the static light scattering equipment. This is around 100 m. A starch concentration of 1 mg/mL is able to create emulsion drops with 35 m drops size whereas a starch concentration of 0.5 mg/mL and below is not sufficient in covering oil droplet. The emulsions produced were stable, maintaining an EI of 1 for 24 h up to 1 week.
Conclusions
Precipitate of starch containing nanoparticles was successful produced after optimisation of the original method. The process identified here was dissolution of starch using autoclaving of an aqueous solution at 140 • C for 20 min, while flushing with nitrogen gas followed by ethanol precipitation. The optimum starch concentration was 8 mg/mL. Ethanol was added directly to the dissolved starch to achieve non-solvent precipitation, at starch:ethanol ratio of 1:1. This led to the production of nanoparticles with sizes between 10 nm and 1 m, but larger aggregates were also formed, especially after hydrophobic treatment with OSA. The starch particles formed were spherical. Addition of surfactant was not able to limit the growth or aggregation of the particles. These nanoparticles were then used to produce emulsions with an emulsion droplet size of about 10-30 m already at the modest amount of 1 mg starch per mL oil.
